In mammalian cells, folylpolyglutamate synthase (FPGS) catalyzes the polyglutamylation of methotrexate (MTX), a reaction that significantly enhances the cellular retention and cytotoxicity of this antifolate. In contrast, MTX is a poor substrate for the cytosolic FPGS of Neurospora crassa. The present study has therefore examined the effect of MTX on growth of N. crassa wild type (FGSC 853 ) and two mutants (met-6, FGSC 1330 and mac, FGSC 3609) that have lesions affecting FPGS expression . Mycelial dry weights after growth in MTX-supplemented media, suggested that met-6 and mac were more sensitive to the antifolate than the wild type (WT). MTX concentrations resulting in 50% inhibition of growth (IC so values) were 5.5 11M, 6.0 11M and 87.5 11M for met-6, mac, and WT, respectively. When MTX treatment was followed by transfer to 50 11M folinic acid-supplemented media, growth of both mutants was enhanced by ca. 20% while that of WT increased by ca. 8%. [3H]-MTX pulse-chase experiments demonstrated that all three strains had limited or no ability to form polyglutamates (MTXGlu n ) of the antifolate. In WT cultures, supplied with 1 I-tM [3H]-MTX for 24 hr and then grown in MTX-free media for another 24 hr, over 95% of the recovered label was in MTX; MTXGlu2 and MTXGlu3 accounting for only 2% and 1% respectively. MTXGlu n derivatives were not detected in mac but low levels of MTXGlu2 were generated by met-6. In all three strains, the level of expression of dihydrofolate reductase (DHFR) was similar. DHFR was purified to apparent homogeneity (21.6 kDa) from extracts of each strain using a protocol of ammonium sulfate fractionation, gel filtration and Matrex Green A chromatography. It is concluded that in Neurospora, MTX polyglutamylation is not a major factor in the cytotoxicity of this antifolate.
Introduction
In mammalian cells, the antifolate MTX is a substrate for FPGS (1, 2) and is converted to § Author to whom correspondence should be addressed . MTXGlu n derivatives (3) (4) (5) (6) (7) (8) (9) (10) (11) . The therapeutic implications of MTXGlu n and polyglutamates of other antitolates include their selective cellular retention and increased affinity for several folatedependent enzymes, both of which enhance cytotoxicity (3, 9, 10, 12, 13) . The ability of mammalian cells to synthesize methotrexate polyglutamates may therefore have importance in clinical studies as a prognosticator of therapeutic effectiveness. For example, a correlation between decreased polyglutamylation and resistance to this antifolate has now been demonstrated in several cell types including mouse fibroblasts (14) .
In contrast to detailed investigations of MTXGlu" derivatives in normal and malignant mammalian cells there has been limited study of their synthesis or cytotoxicity in plant and fungal species (for review see 26) . Conceivably, the role of polyglutamylation in MTX cytotoxicity might be investigated in the fungus Neurospora by comparing the effects of this antifolate on growth of FPGS-deficient mutants and WT cultures. Previous work (27) showed that Neurospora WT generates hexaglutamyl folates but the methionine auxotrophs, met-6 and mac lack polyglutamyl folates. These mutations affect FPGS activity (28) . Thus met-6 generates only diglutamyl folates (reaction 1). In contrast, mac lacks this diglutamate-generating reaction but has ability to convert H 4 PteGlu2 to products of longer glutamyl chain length (reaction 2). The FPGS proteins of mammals have fairly broad folate specificities and catalyze the formation of MTXGlu" in vitro (1, 2) . In contrast, this activity was not detected when Neurospora FPGS was incubated with a range of MTX concentrations (29) . Thus in Neurospora, MTX cytotoxicity may not be dependent on this polyglutamylation reaction. The present studies were therefore conducted to elucidate the effect of MTX on Neurospora growth and the possible role of polyglutamylation in the cytotoxicity of this antifolate. 
Materials and Methods

Chemicals
Neurospora strains and Culture in MTX-supplemented media
Neurospora crassa Lindegren A wild type (FGSC 853), and two methionine auxotrophic strains; met-6 (FGSC 1330) and mac (FGSC 3609) were maintained and cultured under aseptic conditions in Vogel's medium (VM) at 30°C (30) . For culture of the mutants, VM was supplemented with 10 mM L-methionine. Freshly harvested conidiospores were resuspended in VM (A380 ca . 0.08) and 1 mL aliquots were used to inoculate 29 mL of VM. Filter-sterilized MTX was added to attain the desired concentration in 30 mL. The cultures were incubated for 24 hr, mycelia were harvested and dry weights were determined. In folinic acid rescue experiments, 29 mL of VM, containing 20 JlM MTX, were initially inoculated with conidiospores. After 24 hr, media were removed by aspiration, the mycelia were washed in MTX-free medium and then transferred to fresh VM containing filter-sterilized folinic acid. These cultures were incubated for 24 hr before dry weights were determined. In other experiments, MTX was supplied to established mycelial cultures. In these experiments, conidiospores (500 IJ.L) were added to VM (29.5 mL) and grown for 14 hr. After aspiration of the medium, these cultures received fresh VM containing varying concentrations of filter-sterilized MTX and growth was continued 6 or 24 hr. The mycelia were then washed in VM to remove exogenous MTX and grown in 30 mL of fresh VM for a further 24 hr.
Analysis of MTX and MTX polyglutamates by HPLC
Conidiospores (20-25 mg dry weight) were incubated in 10 mL of VM for 14 hr. Samples (500 IJ.L) of the resulting mycelia were used to inoculate 0.5 mL of VM containing 0.03 or 1 IJ.M of [3H]-MTX. Following incubation for 24 hr, the medium was aspirated and the mycelia were resuspended in 1 mL of VM for 15 min to remove exogenous [3H]-MTX. Mycelia were then placed in 30 mL of VM and grown for 24 hr. Extraction of MTX and MTXGlu n was achieved by modification of the protocol of J olivet and Schilsky ( 18) . After washing (2 X 30 mL) in phosphate-buffered saline (PBS) pH 7.4, mycelial samples (ca. 1 g fresh weight) were ground in 1 mL of PBS and 4 mL of 10% w Iv TCA at 2°C with acid-washed sand. The homogenate was centrifuged (Eppendorf Microcentrifuge, 14,000 rpm, 10 min), filtered (Millipore, Bedford, Ma., U.S.A., Millex-GS syringe filter unit) and injected onto Waters (Milford, Ma. U.S.A.) Sep-Pak C I8 cartridges that had been washed with 6 mL of 100% acetonitrile (ACN) followed by 6 mL of H 2 0. MTX and MTXGlunwere recovered by washing the cartridges with ACN (2 mL). Solvent was removed by drying under argon and the samples were redissolved in 350 ilL of mobile phase buffer (see below). A Varian (Walnut Creek, CA, USA) system with a 3.9 mm x 30 cm ( Bondapak C I8 column (Waters) was used for reverse-phase HPLC analyses (18) . The mobile phase buffer, 15% v/v ACN in 5 mM tetrabutylammonium dihydrogen phosphate (Pic A), resolved MTX monoglutamate and diglutamates. More highly conjugated derivatives were separated by use of 40% v /v ACN in 5 mM Pic A. The flow rate was 1 mL min'! at 25°C. Samples (100 ilL) were injected and the column was initially washed for 6 min with the mobile phase buffer before applying linear gradients of 15% to 30% ACN in 5 mM Pic A and 30% to 40% ACN in 5 mM Pic A respectively for 30 min. The column effluent wa~ collected (1 mL fractions) and tntlum was quantified. The elution positions of MTXGluJ.4 standards were determined under these conditions by A 254 measurement.
Determination of Protein-Bound versus Free tH}-MTX
Mycelia, incubated in the presence of [3H]_ MTX were subsequently cultured for 24 hr in the absence of MTX (see above). Mycelia were then examined by a standard protocol (31) that was modified to permit isolation of DHFR-MTX complexes. Tissue was ground (fresh weight (g): buffer (mL), 1:2) in 50 mM K 2 HP0 4 (pH 7.0) containing 20% v/ v glycerol, 10 mM 2-mercaptoethanol, 1 mM EDTA and 1 mM PMSF (Buffer A) with acid-washed sand. The homogenate was centrifuged (Eppendorf Microcentrifuge, 14, 000 rpm for 10 min) and assessed for total radioactivity. Protein -bound label was quantified after elution from Sephadex G-25 (PD-I0 column, Pharmacia) . After loading 500 ilL aliquots of the homogenate, the columns were washed with 2 mL of Buffer A to recover unbound [3H]-MTX and with a further 3.5 mL to recover protein-bound [3H]-MTX. 183 
Purification and assay of Neurospora dihydrofolate reductase
Freshly harvested conidiospores were used to inoculate 3 L of VM followed by aeration and incubation for 72 hr ( 30) . The mycelia were ground in Buffer A as described above . After filtering through cheesecloth, the homogenate was centrifuged (5000x g for 10 min) to give
Step 1 protein and fractionated with streptomycin sulfate to give Step 2 protein (29) . Fractionation with (NH4)2S04 (50-80% range of saturation) resulted in DHFR-rich Step 3 protein. This protein was redissolved in 4 mL of Buffer A and applied to a 2.5 x 70 cm column of Sephadex G-75 previously equilibrated with Buffer A. Fractions (6 mL) were collected at a flow rate of 20 mL hr'!. DHFR-active fractions, were pooled and concentrated by ultrafiltration (Step 4 protein).
Step 4 protein was then applied to a 1.5 x 10 cm column of Matrex Green A equilibrated with Buffer A. After washing the column with 50 mL of Buffer A, DHrR activity was eluted by a linear gradient of 0 .2 to 0.4 M KCI in Buffer A. DHFR-active fractions were concentrated by ultrafiltration yielding Step 5 protein. Apparent Mr determinations were made using Step 4 protein, and a 2.5 x 70 cm Sephadex G-75 column calibrated with marker proteins (bovine serum albumin, 66,000, bovine erythrocyte carbonic anhydrase, 29,000, horse heart cytochrome c, 12,400, bovine lung aprotinin, 6,500). Protein fractions were subjected to SDS-PAGE (32) and assayed for DHFR (33) . The DHFR reaction system (1 mL) contained 100 ilL of 0.8 M KH 2 P0 4 (pH 7.5), 100 ilL of 0.1 M 2-mercaptoethanol, 25 ilL of 1.5 mM dihydrofolate, (28) , and 100 ilL of 1 mM NADPH. In the reference cuvette, NADPH was replaced by water. Changes in A340 were recorded over 5 min. The concentrations of MTX and MTXGlu3, required to inhibit DHFR by 50% (IC so ), was determined as follows. These inhibitors, in 0.8 M KH 2 P0 4 buffer (pH 7.5), were added to the standard reaction mixture containing DHFR (Step 4 protein, 4.6 units) and were pre-incubated for 5 min before adding 1.0 mM NADPH. Protein was determined calorimetrically (34) .
Statistical analyses
Data are presented as mean values. Where appropriate, independent and dependent Student's t tests were used to analyze data. Significance was set at p<O.OS. 
Results
Inhibition of growth by sulfanilamide and methotrexate
Earlier work (35) demonstrated that Neurospora incorporates p-aminobenzoate (p-ABA) into tetrahydrofolates which implies that this species, like yeast (36), synthesizes folates de novo. By analogy with bacteria ( 36) and higher plants (37, 38) this biosynthetic pathway in Neurospora should include steps catalyzed by dihydropteroate synthase and DHFR. Consistent with this suggestion, growth of Neurospora WT was inhibited by sulfanilamide and MTX (Table I ). When both inhibitors (100 fl.M sulfanilamide and varying MTX concentrations) were supplied, the IC 50 value for the MTX was dramatically reduced. Methionine supplements, which reduce folate synthesis in Neurospora (49), reduced the IC so value of MTX (Table 1 ). The MTX IC so values for the FPGS-deficient mutants, met-6 and muc (Fig. 1) were significandy lower (p=0.03) than those for WT, suggesting a greater sensitivity to the antifolate. When cultures were exposed to 20 fl.M MTX for 24 hr followed by transfer to MTXfree media, growth in an ensuing 24 hr period was enhanced by the addition of 5-HCO-H 4 PteGIu (Fig . 2) . The growth response of WT at 50 fl.M folinate was about 8% greater than that of WT controls in unsupplemented VM . In both mutants, this concentration of folinate enhanced growth by about 18% (Fig. 2) .
Growth recovery following preincubation of mycelial cultures in MTX
The ability of MTX-treated cultures to continue growth III unsupplemented media was also examined (Figs 3 and 4) . In these experiments, conidiospores were grown for 14 hr to allow formation of hyphae prior to 50 fl.M MTX incubation. The antifolate was supplied for 6 hr (Fig. 3) or 24 hr (Fig. 4) Figure 4 . Growth in MTX-&ee media after 6 hr exposure to the antifolate. Shake cultures were initally grown for 14 hr and then transferred to MTX -supplemented media for 6 hr. Mycelia were then transferred and grown in MTX-&ee media for 24 hr as in Fig. 3 
Levels of protein-bound [3HJ-MTX
Studies of cancer cells (17, 39, 40) demonstrate that the intracellular levels of free versus proteinbound MTX have importance in determining MTXGlu n formation via FPGS. It was therefore of interest to determine if significant amounts of labelled MTX were protein-bound. Mycelia were examined following incubations of 24 hr with 0 .03 IJ.M or 1 IJ.M eH]-MTX followed by an eftlux period as before ( Table 3) . In all three strains, the accumulation of free and protein-bound [3H]_ MTX appeared to be concentration-dependent. However, most of the recovered MTX was free and protein-bound MTX accounted for about 1% of the total intracellular level. Conceivably, MTX polyglutamylation in WT was not significantly diminished by the binding of MTX to protein during the exposure and efflux periods.
Isolation of Neurospora DHFR and inhibition by MTX and MTXGlu 3
Mycelial extracts of WT, met-6 and mac had similar levels of DHFR activity. Crude extracts had average DHFR activities (units/g fresh weight) of 13.2, 13.3, and 13.2 for WT, met-6 and mac, respectively. Purification of DHFR from WT (Table 4 ) resulted in Step 5 protein that migrated as a single, silver-staining band (ca. M, 22,000) during SDS-PAGE and an average specific activity of 21475 units/mg protein. Fractionation of met-6 and mac extracts yielded Step 5 protein with average specific activities of 1060 and 890 units/mg protein, respectively. These preparations also appeared to be homogeneous as SDS-PAGE revealed a single band of protein (ca M, 22,000) in each case. Neurospora DHFR, like that of other species (41), appeared to be monomeric as gel filtration of Step 4 protein resulted in average apparent molecular weights of ca 21,600 daltons for each strain.
Inhibition of DHFR (Step 4 protein) by MTX and MTXGlu 3 was examined as depicted in Figs 5 and 6. In these assays, 4.6 units of DHFR from each strain, were incubated with varying concentrations of the antifolate. The MTX concentrations resulting in 50% inhibition (IC so ) were similar in WT, met-6 and mac. These DHFR proteins were more readily inhibited by MTXGlu 3 but the IC so values were not significantly different in any of the three strains (Fig. 6) .
Discussion
Despite the importance of DHFR in Neurospora folate biosynthesis, relatively high concentrations of MTX did not completely inhibit the growth of spore-inoculated cultures (Fig. 1) . Conceivably, growth was partially supported by the utilization of folate pools within the conidiospores ( 42) . It follows that the more extensive inhibition of met-6 and mac may be related to the relatively small folate pool found in conidiospores of these mutants (27) . On the other hand, enzymes of the folate biosynthetic pathway of Neurospora, like those of higher plants (37, 38) , may be at least partially located in the mitochondria. Mitochondria of cultured mammalian cells do not readily transport MTX and folates in this organellar pool are less affected by MTX than those in the cytosolic pool (11). It is clear that SHMT, FPGS and other folatedependent enzymes are partly associated with the mitochondria of Neurospora (43) . Despite this, there is little information pertaining to the effects of MTX on folate biosynthesis and turnover within the mitochondria of this fungal species. This basic aspect of Neurospora folate metabolism warrants further study.
The data in Table 1 suggest that growth of WT was more sensitive to inhibition by MTX when the cultures received additional supplements of sulfanilamide or L-methionine. Although we did not examine the effects of these supplements on MTX uptake, previous studies (35, 36) suggest that both of these compounds would inhibit the generation of reduced folates and therefore facilitate binding of the antifolate with DHFR and FPGS. It is noteworthy that MTX cytotoxicity was enhanced by L-methionine (Table 1 ) , which differs from that reported for rat hepatocytes (44) . In hepatocytes, methionine reduces MTX polyglutamylation by increasing the availability of reduced folates for FPGS acuvlty. In Neurospora ( 35) , this amino acid reduces the incorporation of p-ABA into folates and reduces folylpolyglutamate pool size. It is therefore likely that methionine-supplemented cultures, by containing less dihydrofolate, would be more sensitive to MTX growth inhibition. Growth inhibition by MTX was partially reversed w hen cultures were transferred to MTX-fTee media or to MTX-free media supplemented with 5-HCO-H 4 PteGIu (Figs 2-4) . These data suggest that MTX efI:1ux occurred during growth in MTX-fTee media, a view supported by the [3H]-MTX pulse-chase experiments (Tables 2 & 3) . The enhancement of growth by 5-HCO-H 4 PteGlu is also consistent with our earlier work (42) demonstrating the conversion of this endogenous folate to o ther reduced derivatives during m ycelial development. The inhibitory effects of MTX therefore were reversed under conditions which permitted an accwnulation of reduced endogenous folates.
Based on the amounts of residual [3H]-MTX in the medium following a 24-hr incubation (Tables 2 and 3 ) it is clear that all three strains accumulated similar amounts of the label. This similarity was apparent at both concentrations of MTX. Based on these observations it appears unlikely that the greater sensitivity of the mutants to MTX growth inhibition (Fig. I ) was related to increased antifolate transport. In contrast, data for [3HJ-MTX efilux (Tables 2 and 3 ) and for polyglutamate formation (Table 2 ) reveal major differences between wr, met-6 and mac. Cultures of both mutants displayed similar levels of MTX efilux which were about twice those of wr cultures. Consistent with this efilux, wr extracts contained more free and protein-bound label after the efflux period than extracts of either mutant (Tables 2 and 3 ). The formation of MTXGlu 2 and MTXGlu3 may partly explain the presence of more label in wr extracts. As noted earlier, polyglutamylation increases retention of MTX by mammalian cells (3) . Such retention may explain why labeled MTX but not MTXGlu n was detected in the efilux media of these Neurospora cultures.
In mammalian cells, MTX polyglutamylation is affected by the level of FPGS expression (II). In the latter study, human cells with high FPGS activities incorporated [3HJ-MTX into principally Glu 4 and Glus derivatives which accounted for more than 85% of the label recovered. In wild type chinese hamster ovary (CHO) cells, .MTXGlu n derivatives accounted for over 30% of the label. In contrast, the FPGS-deficient AUXBI line of CHO cells did not form MTXGlu n derivatives. By analogy, tailure of mac cultures to form MTXGlu n (Table 2) probably reflects their inability to glutamylate H 4 PteGIu (28). However, met-6 and WT cultures also failed to form appreciable amounts of MTXGlu n • In extracts of WT these derivatives represented less than 4% of the recovered label. The conditions for feeding [3HJ-MTX were similar to those employed by Kim et al. (II) so the paucity of MTXGlu n formation in our experiments is probably not related to experimental method. We conclude that the inability of Neurospora FPGS to glutamylate MTX in vitro (29) accounts for the lack of extensive polyglutamate labeling in these experiments.
The present studies raise questions regarding the possible importance, if any, of polyglutamylation as a determinant of MTX cytOtOXICIty in Neurospora. For example, after long-term exposure, this slow reaction may produce sufficient MTXGlu n 189 derivatives to inhibit DHFR and other folatedependent enzymes. By analogy with other species, these alternative sites of inhibition might include AICAR transformylase, GAR transformylase, thymidylate synthase, SHMT, and methylenetetrahydrofolate reductase (45) (46) (47) (48) . There appear to be no reports in the literature on this topic but the greater sensitivity of Neurospora DHFR to MTXGlu 3 (Fig. 6) implies that polyglutamylation would enhance inhibition of folate biosynthesis. Despite this possibility, it should be emphasized that both of the mutants used in this study, although deficient in the generation of folylpolyglutamates, were not more resistant than WT to growth inhibition by MTX. Furthermore, although these mutants displayed greater [3H]_ MTX efilux than wr (Table 2) , their ability to recover in MTX-free medium was not significantly different from that of wr cultures. This implies that the minor formation of MTXGlu n derivatives in wr cultures did not seriously impede their growth or folate biosynthesis when they were subsequently transferred to media lacking the antifolate.
